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ABSTRACT 

Research i s  underway on a new, hydrogen burn- 
ing,  a i rbrea th ing engine concept which o f f e r s  good 
potent ia l  f o r  e f f i c i e n t  hypersonic cruise  vehicles.  
Features of the engine which lead to  good perform- 
ance include; extensive engine-airframe in tegra-  
t i o n ,  fixed geometry, low cooling,  and the control  
of heat release in the supersonic combustor by 
mixed-modes of fuel in jec t ion  from the combustor 
entrance.  The engine concept i s  described along 
with r e su l t s  from i n l e t  t e s t s ,  direct-connect 
combustor t e s t s ,  and t e s t s  of two subscale boi ler -  
p l a t e  research engines presently underway a t  con- 
d i t i ons  which simulate f l i g h t  a t  Mach 4 and 7. 

I .  INTRODUCTION 

I t  now appears cer ta in  t h a t  vehicles capable 
of r epe t i t i ve  long range f l i g h t s  in the atmosphere 
a t  hypersonic'speeds can become a r ea l i t y .  How 
soon depends on the tinling of the perfection and 
application of several  areas of advanced technology 
- most especia l ly  those concerned with a i rbrea th ing 
propulsion and long- l i fe ,  low-weight ( ac t ive ly -  
cooled) airframe s t ructures  and systems. This 
paper describes recent research on a t o t a l l y  
airframe-integrated supersonic combustion ramjet 
(scramjet )  which o f f e r s  potent ia l  f o r  e f f i c i e n t  
cru ise  propulsion a t  speeds from Mach 5 to 8. 
Regeneratively-cooled engine and actively-cooled 
airframe s t ruc tu re  f o r  hypersonic a i r c r a f t  using 
the present propulsion concept a r e  discussed in 
another paper in these same proceedings by Kelly, 
Wieting, Shore, and Noviak. 

Most of the previous scramjet concepts t h a t  
have been considered were of the "pod" type,  capa- 
ble of providing good in ternal  performance but 
incapable of high in s t a l l ed  th rus t ,  due to  the 
excessive cowl drag associated with the large  noz- 
z le  expansions needed a t  high speeds. A t  speeds 
above Mach 4 ,  prac t ica l  considerations reduce the 
a t t r ac t iveness  of the pod approach. (See Fig 1 ) .  
In addit ion to  high external drag from the pressure 
force on the expanding cowl surface (necessary t o  
obtain a su i t ab l e  nozzle e x i t  to  i n l e t  capture area 
r a t i o ) ,  the "pod" type engine i n s t a l l a t i o n  su f f e r s  
from insu f f i c i en t  capture area due t o  the inef-  
f i c i e n t  use of cross section area of the flow 
within the vehicle shock layer.  I t  a l so  has drag 
increases and loca l ly  high heating r a t e s  due to  
flow in ter ference  between pods and vehicle. Var- 
iable  geonletry adds mechanical complexi t y  and 
introduces s ign i f i can t  weight penal t ies .  The high 
in ternal  contraction r a t i o s  and narrow annular 
passages typical  of previous podded engines having 
good in ternal  performance subs t an t i a l l y  increase 
cooling requirements to  the point t ha t  more fuel  
rnight be needed t o  cool the  engine than fo r  com- 
bustion, This i s  pa r t i cu l a r ly  ser ious  a t  the high 
Mach numbers where the fuel  i s  required to  cool 
cer ta in  pa r t s  of the airframe s t ruc tu re  in addit ion 
t o  the engine. The design concept tha t  has emerged 
from research a t  Langley emphasizes a l l  three 

major areas of concern: in ternal  t h r u s t  minus 
to t a l  external drag, cooling requirements f o r  the 
combined airframe and engine, and the to t a l  weight 
of airframe and engine. This airframe-integrated 
scramjet concept blends a i r c r a f t  forebody and 
afterbody functions in combination with fixed geom- 
e t r y  propulsion un i t s  u t i l i z i n g  a mixed mode of 
fuel in jec t ion .  

ELIhIINATE STRUT DRAG-, AS 

\- ELIMINATE EXTERNAL 
PRESSURE D R A G  

Figure 1. Improving "pod" Type Engine Performance 

As i l l u s t r a t e d  in Figure 2 ,  in order to  obtain 
the required th rus t  a t  higher Mach numbers, tile 
i n l e t  area must be large  enough to  capture nearly 
a l l  the a i r f low processed by the vehic le ' s  under- 
surface bow shock. This suggests an annular i n l e t  
contiguous with the vehicle undersurface. Divid- 
ing the annular area in to  smaller rectanaular 
uni ts  produces in e f f e c t  a number of ident ica l  
engine modules of a s i z e  and shape more nearly 
sui ted  f o r  ground t e s t s .  

Figure 2. Scramjet-Vehicle In tegra t ion  

Treating the pngine i n  t h i s  way y i e lds  tho 
important advantages: the vehic le ' s  forebody per- 
forms a s ign i f i can t  par t  of the i n l e t  compression 
process, and i t s  afterbody takes over a la rge  par t  
of the nozzle expansion. The engine design thus 
encompasses the en t i  r e  undersurface of the vehicle.  
This approach has o ther  drag-reducing advantages. 
The engise ' s  external surfaces can e a s i l y  be 
shaped to minimize i n s t a l l a t i o n  losses  by making 
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the111 pa ra l l e l  t o  the local  flow, and the veh ic l e ' s  
base region can be used t o  continue the  nozzle 
expansion process t o  the  large  e x i t  t o  i n l e t  area 
r a t i o s  required f o r  e f f i c i e n t  propulsion without 
incurring an excessive drag penalty. 

This airframe-integrated scramjet concept has 
behind i t  extens ive  research on basic combustion 
and turbulent reaction flow processes, engine com- 
ponent conf igura t ions ,  and 1 ightweight Pegener- 
atively-cooled s t ruc tu re s .  Two complete, subscal e ,  
research engines of heat sink s t ruc tu re  a r e  pre- 
sent ly  undergoing performance t e s t s  a t  conditions 
which simulate f l i g h t  a t  Mach 4 and 7. 

11. AIRFRAME-INTEGRATED MODULE 

I n l e t  
Subscale models of the fixed-geometry i n l e t  

have been tes ted  under conditions siniulating a 
f l i g h t  Mach number range from 3 to 7 in conven- 
t ional wind tunnels.  This i n l e t  has a rectangular 
capture area.  (See Fig 3). The vehicle bow shock 
compresses flow in the ver t ica l  d i rec t ion  while 
the wedge-shaped i n l e t  sidewalls compress the flow 
horizontally.  This two-plane compression reduces 
the degree of change in the i n l e t  flow f i e l d  t h a t  
occurs with changing f l i g h t  speed or angle-of- 
a t tack  and makes fixed geometry feas ib le .  Sweep 
of the compression wedges and a cutback cowl pro- 
vide spi l lage .  This allows the i n l e t  to s t a r t  a t  
low f l i g h t  speeds. I t  a l so  reduces the pressure 
gradient on the  top surface to  per~il i t  ingestion of 
the forebody boundary layer .  Swept wedge-shaped 
s t r u t s  a t  the throat  complete the i n l e t  cotnpression 
process. These block about 60 percent of the flow 
cross section in the swept plane. In addit ion to  
making the i n l e t  sho r t e r ,  l i g h t e r ,  and lessening 
i t s  cooling requirements, these s t r u t s  a lso  provide 
mu1 t i p l e  planes f o r  fuel  i n j ec t ion ;  and therefore  
the mixing d is tance  and the combustor are  a l so  
shortened. 

Figure 3. Airframe-Integrated Supersonic 
Conibusti on Ran~jet 

Experimentally determined schedules f o r  mass 
capture r a t i o ,  contraction r a t i o ,  and to t a l  pres- 
sure recovery (Fig 4 )  have shown t h i s  t o  b 
prac t ica l  , high-performance i n l e t  concept.7'7 The 
i n l e t  s t a r t s  ea s i ly  f o r  f l i g h t  Mach numbers above 
3, has a var iable  mass capture r a t i o  with low loss  
sp i l l age  a t  the lower Mach numbers, and an aero- 
dynamic contraction r a t i o  t h a t  var ies  with Mach 
number in a des i rable  way. In addi t ion  t o  i t s  low 
drag, cooling,  and weight, i t  r i v a l s  variable- 
geometry i n l e t s  in aerodynamic performance. In 
f a c t ,  i t  has demonstrated a higher pressure 
recovery than previous variable-geometry i n l e t s  
such as the NASA Hypersonic Research Engine 
( H R E ) .  ( * )  
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Figure 4. I n l e t  Aerodynamics 

Cornbu s t o r  
Over a period of several  years ,  both analyt i -  

cal and experimental research has been conducted 
on the physics, thermodynamics, and physical means 
f o r  i n j ec t ion ,  mixing, i gn i t i on ,  and combustion 
of hydrogenlair mixtures a t  l oca l ly  supersonic 
speed and high enthalpy. From t h i s  e f f o r t  has 
emerged a fuel  injector-combustor concept which 
direct-connect t e s t s  have shown t o  provide a good 
con~bustion e f f i c i ency  over a range of f l i g h t  Mach 
numbers, and a t  the same time have low 
and low structural-weight requirements. 

~ g g l i n s  

From t h i s  work has a l s o  come a unique mixed- 
fuel i n j ec t ion  mode t h a t  allows e f f e c t i v e  control  
of the streamwise heat-release d i s t r i bu t ion  over 
the Mach-number range (Fig. 5 ) .  

1- COZlBUSTER LELGTH L -- -1 

Figure 5. Conibustor Operation 



Dual-mode (subsonic/supersonic) combustion and 
minimum combustor length a r e  obtained without ne- 
c e s s i t y  f o r  addi t ional  fue l - in jec t ion  stages (as 
required by previous concepts ) , which increase 
weight and cooling requirements. This i s  impor- 
t a n t  because supersonic-combustion devices a r e  
s ens i t i ve  to  the d i s t r i bu t ion  of heat release along 
the  combustor flow length and i t s  change with Mach 
number. For high propulsive e f f i c i ency ,  heat  
should be released as  ear ly  in the combustor as 
possible ( i . e .  ; higher pressure) .  A t  high f l i g h t  
speeds, fuel injected normal t o  the stream mixes, 
r eac t s ,  and re leases  i t s  heat rapidly.  A t  lower 
speeds, the large  pressure r i s e  associated with 
t he  rapid heat release can thermally choke the 
engine. A t  these lower speeds pa r t  of the fuel 
i s  injected para l le l  t o  the flow in the wake of 
t he  s t r u t s  where i t  mixes and reacts  much more 
slowly. 

By proper apportionment of the fuel  in jec ted  
in  the two modes, heat  re lease  can be t a i l o red  as 
desired.  This combustor design a l so  uses the 
s t r u t s  t o  provide multiple in-stream planes f o r  
fue l  in jec t ion .  This in-stream fuel  i n j ec t ion  
shortens the combustor length and lowers heat and 
skin f r i c t i o n  losses  compared t o  wall type fuel 
in jec tors .  Combining these f ea tu re s ,  along with 
divergence of the combustor wal ls ,  y i e ld s  e f f i c i e n t  
cornbustion performance over a wide Mach number 
range. 

Nozzle 
The flow in to  the nozzle i s  supersonic as 

there  i s  no sonic throat .  The a f t e r  undersurface 
o f  the vehicle ac t s  as  the l a r g e s t  portion of the 
contoured nozzle wall. Essent ia l ly  i t  i s  a half-  
nozzle, with only pa r t  of the dividing wall (par-  
t i a l  cowl extens ion) .  The shor t  cowl extension 
in t e r cep t s  only a portion of the expansions from 
the  contoured wall. A t  a Mach number of 6 ,  about 
half  the net  t h rus t  i s  generated by the large  
vehicle undersurface portion of the nozzle. 

As a r e s u l t  of these f ac to r s ,  along with 
i n t e r ac t ions  between adjacent module wakes, s p i l l -  
age from the i n l e t ,  and nonuniform nozzle-entrance 
conditions,  the nozzle plume has a highly 3-dimen- 
sional s t ruc tu re  which changes with engine opera- 
t i n g  conditions,  a l t i t u d e ,  f l i g h t  speed, vehicle 
a t t i t u d e ,  e t c .  Furthermore, the nozzle flow 
anaqysis must account fo r  multicomponent reac t ing  
species ,  shock, and viscous e f f ec t s .  

EXIT 
hlODULE 

TYPICAL1 SCRAhlJEI NOZZLE CONFIGURATION 

UPPERIVALL 
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SHOCK WAVE PATTERN ON SYh4hIElRY PLANE OF SQUARE NOZZLE 

Figure 6. Integrated Scramjet Nozzle 

Because of t h i s  g rea t  complexity, i t  i s  nec- 
essary t o  empl y a combination of lengthy compu a 
t ional  methods?@) and experimental s imula t ionsf5j  
t o  approximate the nozzle flow s t ruc tu re .  Fi.gure 
6 shows r e s u l t s  of a nozzle com~uta t ion .  

111. SUBSCALE MODULE TESTS 

The modular nature of the  in tegra ted  scramjet 
engine provides c e r t a i n  inherent advantages f o r  
ground t e s t i ng .  For example, t e s t i ng  a s ing le  
module can y i e l d  performance data representa t ive  
of a wide range of engine s i ze s  and t h r u s t  l eve l s .  
The e f f e c t s  of the vehicle-forebody boundary l aye r  
on the inpested engine flow a r e  readi ly  simulated 
as  to  s ca l e  ( t he  ac tual  p ro f i l e s  depend on the 
pa r t i cu l a r  forebody shape) by placing the engine 
so t h a t  i t  swallows the t e s t  f a c i l i t y  nozzle 
boundary l aye r  flow. Precompression by the vehi- 
c l e ' s  forebody bow shock can be simulated by t e s t -  
ing a t  the f l i g h t  enthalpy but a t  a Mach number 
reduced t o  account f o r  the change in flow Mach 
number across  the bow shock. In t e s t s  such as  
these i t  i s  not possible t o  include the lat-ge 
external nozzle of the vehicle afterbody (which 
provides about 50 percent of the net  t h rus t  a t  
Mach numbers of 6 and above), but the i n s t a l l ed  
performance ( t h r u s t  minus drag) of the i n l e t -  
combustor module can be measured d i r e c t l y  by sup- 
porting the model on a t h rus t  balance. 

To adequately ve r i fy  engine performance over 
the design Mach number range, t e s t  data a r e  needed 
a t  the higher Mach numbers where the fuel  i s  in- 
jected primarily normal t o  the flow as well as 
the lower Mach numbers where the fuel  i s  in jec ted  
primarily pa ra l l e l  to  the flow. To obtain such 
data,  two subscale heat s ink ,  research engine 
modules have been b u i l t .  One i s  being t e s t ed  a t  
conditions simulating Mach 7 f l i g h t  in an a r c  
heated f a c i l i t y  a t  Langley. The other i s  under- 
soing t e s t  a t  conditions simulating Mach 4 f l i g h t  
a t  the  General Applied Sciences Laboratory (GASL) 
in  New York. These engines a r e  the  same s i z e ,  
20.3 cm by 16.3 cm (8 inch by 6.4 inch) i n l e t  
capture area  and about 1.5 m ( 5  f t )  i n  length 
and very s imi lar  i n  design. Both a r e  heat sink 
designs intended f o r  sho r t  duration t e s t s  of up 
to  20 seconds. Figure 7 shows the  engine which 
i s  being used f o r  Mach 7 t e s t s  p r io r  t o  i n s t a l l a -  
t i on  in the  f a c i l i t y .  I t  i s  made of copper with 
water-cooled leading edges f o r  the  s idewal ls ,  
the  cowl, and the  s t r u t s .  

Figure 7 .  Instrumented Subscale Scramjet Module 



The Mach 4 eng ine  i s  made o f  n i c k e l .  Both models 
a re  w e l l  i ns t rumented  i n t e r n a l l y  w i t h  p ressure  
o r i f i c e :  and hea t  t r a n s f e r  gauges. These research  
engines a r e  designed f o r  easy i n t e r c h a n g e a b i l i t y  
o f  the  f u e l  i n j e c t i o n  s t r u t s .  The con~bus to r  area 
d i s t r i b u t i o n  near  t h e  f u e l  i n j e c t o r s  can be v a r i e d  
by changing t h e  s t r u t s  o r  a t t a c h i n g  p ieces  o f  
d i f f e r e n t  shape t o  dovinstream edaes. Changes i n  
downstream combustor area d i s t r i b u t i o n  can be 
s i m u l a t e d  by  a i r  i n j e c t i o n  f rom the conlbustor 
s i d e w a l l s .  

A  schemat ic  o f  the t e s t  setup i n  the Mach 7 
f a c i l i t y  i s  shown i n  f i g u r e  8  and a  photograph o f  
the f a c i l i t y  w i t h  the research  engine mounted i n  
the t e s t  s e c t i o n  i s  shown i n  f i g u r e  9. Note t h a t  
the t o p  w a l l  o f  the engine model i s  p o s i t i o n e d  
f l i r e c t l y  i n  l i n e  w i t h  the f a c i l i t y  nozz le  w a l l  t o  
i ; i a l l o n  the  f a c i l i t y  boundary l a y e r  and thus  simu- 
l z L e  i n g e s t i o n  o f  the v e h i c l e  forebody boundary 
l a y e r .  A  coi i iplete d e s c r i p t i o n  of t h i s  arc-heated 
f d c i l i t y  i s  g i ven  i n  Reference 6. I t  d u p l i c a t e s  
the Mach number, er i tha lpy and forebody boundary- 
l a y e r  c o n d i t i o n s  expected a t  t h e  i n l e t  f o r  a  
v e h i c l e  a t  a  f l i g h t  Mach number o f  7, b u t  a t  
dynaiitic p ressure  co r respond ing  t o  o n l y  t h e  
ve ry  l o w e s t  va lues  expected i n  f l i g h t ,  16.8 kPa 
((I,,- -. 350 l b / f t 2 ) .  
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F igu re -  8. Schematic o f  Mach 7 Scrani je t  
Tes t  F a c i l i t y  

F i g u r e  9. Mach 7 Sc ramje t  T e s t  F a c i l i t y  

The Mach 4 t e s t  setup a t  GASL i s  s i m i l a r  i n  
t h a t  i t  d u p l i c a t e s  the Mach number and e n t h a l p y  
and forebody boundary- layer  c o n d i t i o n s  expected 
a t  the i n l e t  f o r  a  v e h i c l e  a t  a  f l i g h t  Mach number 
o f  4. However, the  f a c i l i t y  h e a t e r  i s  o f  the  com- 
b u s t i o n  type.  Hydrogen and a i r  a r e  burned i n  
the s t a g n a t i o n  chamber and oxygen i s  added t o  r e -  
p l a c e  t h a t  used f o r  b u r n i n g  so t h a t  the  t e s t  gas 
s t ream c o n t a i n s  water-vapor  as w e l l  as n i t r o g e n  
and oxygen. 

P r e l i m i n a r y  t e s t s  i n  b o t h  f a c i l i t i e s  have 
been made i n  which hydrogen was burned i n  the 
engine. I n  these p r e l i m i n a r y  t e s t s  the  modes o f  
f u e l  i n j e c t i o n  and the s p l i t  between p a r a l l e l  and 
p e r p e n d i c u l a r  i n j e c t i o n  were v a r i e d ,  d i f f e r e n t  
s t r u t  geometr ies were t e s t e d ,  and v a r i o u s  amounts 
o f  a i r  were i n j e c t e d  f rom the combustor s i d e w a l l s  
t o  change e f f e c t i v e  area d i s t r i b u t i o n .  No i g n i t o r s  
were used - spontaneous i g n i t i o n  was r e l i e d  upon. 
As m i g h t  be expected i n  the  f i r s t  t e s t s  o f  a  new 
sc ramje t  concept ,  these i n i t i a l  p a r a m e t r i c  t e s t s  
uncovered a  whole range o f  problems. These i n -  
c luded f a c i l i t y - m o d e l  i n t e r a c t i o n s  i n  which f u e l  
i n j e c t i o n  caused t e s t  cab in  p r e s s u r e  t o  i nc rease ,  
w i t h  subsequent i n l e t  u n s t a r t  ( t h i s  problem has 
now been so lved) ,  cases where i g n i t i o n  d i d  n o t  
occur  a t  a l l  i n  the  engine,  and cases where com- 
b u s t i o n  hea t  r e l e a s e  caused the  i n l e t  t o  u n s t a r t .  
There were a l s o  cases where combust ion was ach ieved  
i n  the engine w i t h  no apparent  i n t e r a c t i o n  i n  the 
i n l e t ,  and measured i n t e r n a l  t h r u s t  l e v e l s  c l o s e  
t o  the  p r e d i c t e d  va lues were ob ta ined .  

Some o f  t h e  r e s u l t s  f rom one o f  t h e  more suc- 
c e s s f u l  o f  these  p r e l i m i n a r y  t e s t s  i n  t h e  Mach 7  
f a c i l i t y  a r e  shown i n  F i g u r e  10. For  t h i s  t e s t  
t h e  t o t a l  e n t h a l p y  o f  t h e  f l o w  approach ing  t h e  
i n l e t  was 2.6 MJ/kg (1128 B t u / l b )  w i t h  a  t o t a l  
p ressure  o f  30 atmospheres s i m u l a t i n g  a  f l i g h t  
c o n d i t i o n  o f  Mach 7 a t  an a l t i t u d e  o f  35 km 
(115,000 f t ) .  Es t ima tes  u s i n g  t h e  method o f  
Reference 7  w i t h  t h e  r e a c t i o n  r a t e  c o r r e l a t i o n  o f  
Reference 8  i n d i c a t e  t h a t  f o r  s t o i c h i o m e t r i c  
f u e l - a i r  r a t i o s  a t  t h e  loei p ressure  o f  these  pre-  
l i m i n a r y  Mach 7 t e s t s  o n l y  20 p e r c e n t  o f  t h e  f u e l  
r e a c t s .  There fo re  a i r  equal  t o  abou t  7 p e r c e n t  
o f  t h a t  cap tu red  by t h e  i n l e t  was i n j e c t e d  f rom 
t h e  s i d e w a l l s  t o  decrease t h e  e f f e c t i v e  c ross  
s e c t i o n a l  area f u r t h e r  downstream i n  t h e  com- 
b u s t o r ,  r a i s e  s t a t i c  pressure,  and thus  i n c r e a s e  
t h e  r e a c t i o n  e f f i c i e n c y .  Hydrogen f u e l  was 
i n j e c t e d  f r o m  t h e  s t r u t s  normal t o  t h e  f l o w  a t  a  
f u e l  equ iva lence  r a t i o  o f  0.5 and t h e  d rag  and 
i n t e r n a l  p ressures  measured ( s o l i d  symbols i n  
F i g u r e  10). Note t h e  l a r g e  i n c r e a s e  i n  p ressure  
due t o  combust ion which beg ins  j u s t  downstream o f  
t h e  f u e l  i n j e c t i o n  l o c a t i o n ,  The i n t e r n a l  t h r u s t  
o b t a i n e d  f rom t h e  d i f f e r e n c e  i n  ba lance  read ings  
w i t h  and w i t h o u t  f u e l  was 225 N  (50,6 l b j .  An. 
e s t i m a t e  o f  t h e  change i n  f o r c e  due t o  i n t e r n a l  
p ressures  was made by i n t e r p o l a t i n g  f o r  p ressure  
between o r i f i c e  l o c a t i o n s  and i n t e g r a t i n g  o v e r  
t h e  e n t i r e  i n t e r n a l  s u r f a c e  o f  t h e  engine. Th is  
i n t e g r a t i o n  gave a  v a l u e  o f  a p p r o x i m a t e l y  351 N 
(79 l b )  bu t ,  o f  course, i n t e r n a l  shear  f o r c e s  
which a c t  i n  the  d rag  d i r e c t i o n  were n o t  i nc luded .  

From t h e  change i n  measured h e a t i n g  r a t e  i n  
t h e  combustor w i t h  and w i t h o u t  f u e l  and t h e  use o f  
a  c o r r e l a t i o n  method o f  O r t h  and ~ i l l i ~ , ( g )  t h e  
o v e r a l l  r e a c t i o n  e f f i c i e n c y  (pe rcen tage  o f  a v a i  1  - 
a b l e  f u e l  a c t u a l l y  r e a c t e d )  was e s t i m a t e d  t o  be 



69 percent; s ince  the  i n j ec t ed  equivalence r a t i o  
was 0.5, t h i s  gave a reacted fuel  equivalence 
r a t i o  of 0.34. 

Figure 10. In ternal  Sidewall Pressure Dis t r ibut ion  
(Mach 7 Fl ight  Simulation) 

A comparison of the measured in ternal  t h rus t  
with pr di  t i ons  based on simple one-dimensional 
theory('y8? as  a function of reaction e f f i c i ency  
i s  given in Figure 11. The so l id  l i ne  represents 
a real  gas ca lcula t ion  assuming zero chemical 
reac t ion  time (equil  i brium) and no a i r  in jec t ion  
from the combustor sidewalls.  The fuel i s  assumed 
t o  r eac t  completely a s  soon a s  i t  i s  mixed (mixing 
controlled combustion) and an empirical r e l a t i on  
fo r  mixing a s  a function of flow length i s  used. 
The assumption of instantaneous reaction becomes 
inappropriate f o r  low pressure level s. Because 
o f  the present low dynamic pressure conditions of 
t he  Mach 7 f a c i l i t y ,  16.8 kPa (350 l b / f t 2 )  o r  about 
one-third of the  design operating condition of the. 
engine),  t he  combustion process appears t o  be 
s i g n i f i c a n t l y  a f f ec t ed  by the  f i n i t e  time required 
fo r  chemical reac t ions  a s  well as  the  mixing ra te .  
The use of a i r  i n j ec t ion  from the  combustor s ide-  
walls was employed t o  increase  the  pressure in t he  
i n i t i a l  combustion region. The method of Refer- 
ence 7 was modified t o  account f o r  sidewall a i r  
i n j ec t ion  and f i n i t e  chemical reac t ion  r a t e s  using 
the  co r r e l a t i on  f o r  non-equi l i  bri  um hydrogen-air 
reac t ions  of pergament.(8) These r e s u l t s  a r e  shown 
a s  open symbols in Figure 11 f o r  various r a t i o s  of 
in jec ted  a i r  mass flow t o  i n l e t  capture mass flow. 

The r e s u l t s  of the preliminary parametric 
t e s t s  made t o  date  indica te  t h a t  the inlet-combustor 
in terac t ions  experienced a t  la rge  fue l - a i r  r a t i o s  
can be solved with minor geometric changes in the 
region of the fuel  i n j ec to r  s t r u t s  and t h a t  the 
react ion-ra te  l imi ted  combustion can be solved by 
increasing the operating pressure of the f a c i l i t y .  
Furthermore, the  agreement between experinlental 
r e su l t s  obtained so f a r  and the theore t ica l  per- 
formance predic t ions  lends credence t o  the predic- 
t ions  of overall  performance ( t h r u s t ,  spec i f i c  
impulse, and cooling requirement) of t h i s  airframe- 
integrated scramjet concept. 

T H E O R Y ~ ,  NO A I R  INJECTION, NO REACTION DELAY 

0 THEORY 7,8 A I R  INJECTION, REACTION RATE CORRELATION * MACH 7TEST 0 rp = .12 
355.80 /" 

THRUST. 
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177.93 

88.96 

I I I I I 
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Figure 11. Predicted Internal Thrust  

IV. PREDICTED PERFORMANCE CHARACTERISTICS 

As a r e s u l t  of the large background of research 
compi 1 ed on components of the ai  rframe-integrated 
scramjet,  reasonable estimates can be made of the 
i n s t a l l ed  module performance (CT and I , ~ ) ,  module 
and system weights, module cooling requirements, 
and f l i g h t  c h a r a c t e r i s t i c s  of an a i r f rame- in tegra ted  
scramjet vehicle.  

I t  i s  i n t e r e s t i ng  t o  compare the predicted 
spec i f i c  impulse of the integrated scramjet with 
o ther  high-speed propulsion systems. Figure 12 
shows the fuel  spec i f i c  impulse f o r  t u rbo je t s ,  
ramjets,  scramjets,  and rockets a s  a function of 
the f l i g h t  Mach number f o r  hydrocarbon (JP) and 
hydrogen (Hz) fue l .  The H2-fueled scramjet a t  Mach 
6 has a higher spec i f i c  impulse than the JP-fueled 
tu rbo je t  a t  Mach 2. No real  competitor t o  the 
scramjet e x i s t s  a t  Mach numbers g rea t e r  than about 
6, even f o r  an on-design .cruise appl ica t ion .  
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Figure 12. Propulsion Options 

In s t a l l ed  Thrust 
I t  i s  obviously not possible t o  define i n s t a l l -  

ed enqine performance independent of vehicle char- 
a c t e r i s t i c s .  The vehicles forebodv lenqth. shape, 
and surface  have a marked influence on the -  boundary 
layer and flow d i s t r i bu t ion  enter ing  the engine 
i n l e t ,  while the afterbody geometry s t rongly  



i n f l u e n c e s  nozz le  expansion, as p r e v i o u s l y  d i s -  
cussed. Here f o r  s i m p l i c i t y ,  we t r e a t  sc ramje t  
performance o f  a  "nominal"  forebody and a f te rbody ,  
a long w i t h  suggested means t o  e s t i m a t e  z f f e c t s  o; 
performance due t o  depar tu res  f rom t h e  nominal. 
We d i s t i n g u i s h  i n s t a l l e d  f rom i n t e r n a l  performance 
by accoun t ing  f o r  severa l  e x t e r n a l  e f f e c t s  charg-  
a b l e  t o  the  engine. These i n c l u d e  a d d i t i v e  ( o r  
s p i l l a g e )  d rag  fo rces ,  cowl drag f o r c e s ,  e f f e c t s  
o f  i nges ted  forebody boundary l a y e r  on e n t e r i n g  
mass, energy and momentum, f r i c t i o n a l  and heat-  
t r a n s f e r  losses ,  and e f f e c t s  i n  t h e  f l i g h t  d i r e c -  
t i o n  o f  normal fo rces  on the cap tu re  f l o w  and 
exhaust plume ( s i n c e  the  c o o r d i n a t e  system f o r  
t h r u s t  c a l c u l a t i o n  goes i n  forebody, o r  engine- f e8 )  f l ow,  d i r e c t i o n ) .  Pinckney has g iven  a  de- 
s c r i p t i o n  o f  t h e  complete performance c a l c u l a t i o n  
method, a long  w i t h  numer ica l  r e s u l t s  as f u n c t i o n s  
o f  the v a r i o u s  dependent parameters. F i g u r e  13 
shows t h r u s t  c o e f f i c i e n t  (CT) and s p e c i f i c  impulse 
( I  p )  as f u n c t i o n s  o f  f u e l - a i r  e q u i l i v a n c e  r a t i o  ( $ 5  and f l i g h t  Mach number (M,) f o r  the  "nominal" 
v e h i c l e  underbody. The values of CT and ISp a r e  
f o r  a  dynamic p ressure  o f  23.9 kPa (500 l b / f t 2 )  
b u t  a r e  a p p l i c a b l e  t o  o t h e r  a l t i t u d e s  as l o n g  as 
t h e  r e a c t i o n s  a r e  c o n t r o l l e d  by mix ing.  The 
c r o s s i n g  o f  t h e  curves i s  a  r e s u l t  o f  d i f f e r e n t  
s p l i t s  between p a r a l l e l  and normal f u e l  i n j e c t i o n  
used t o  a v o i d  thermal chok ing  below Mach 6  and t o  
reduce combustor h e a t  l o a d  a t  Mach 8. 

F i g u r e  13. Scramjet  I n s t a l l e d  Performance 

A1 though n o t  shown, the  i n s t a l  l e d  performance 
a l s o  v a r i e s  as a  f u n c t i o n  o f  the  precompression 
achieved by t h e  v e h i c l e  forebody. The t h r u s t  
c o e f f i c i e n t  i nc reases  w i t h  i n c r e a s i n g  forebody 
f l o w  d e f l e c t i o n  angle due t o  the increased mass 
f l o w  e n t e r i n g  t h e  i n l e t  u n t i l  an ang le  o f  about  12 
degrees. Above 12 degrees t h e  t h r u s t  decreases 
due t o  the  o v e r r i d i n g  i n f l u e n c e  o f  the  i n c r e a s i n g  
normal- force component i n  the  f l i g h t  d i r e c t i o n .  
While t h e  i n s t a l l e d  engine performance i n c l u d e s  
e x t e r n a l  e f f e c t s  chargeable t o  the  engine such as 
s p i l l a g e ,  cowl drag,  and e f f e c t s  o f  i n g e s t i n g  the 
forebody boundary l a y e r ,  i t  does n o t  i n c l u d e  t h e  
a i r c r a f t  drag. When v e h i c l e  d rag  i s  inc luded ,  the 
peak t h r u s t  minus d rag  o f  the  t o t a l  system occurs 
a t  forebody f l o w  d e f l e c t i o n  angles near  7  1/2 
degrees f o r  c o n f i g u r a t i o n s  op t im ized  t o  c r u i s e  a t  
Mach 6. 

Forebody boundary- layer  i n g e s t i o n  by the i n -  
l e t  rep resen ts  one of the more i m p o r t a n t  non- idea l  
f l o w  e f f e c t s  on i n s t a l l e d  sc ramje t  performance. 
Defects i n  e n t e r i n g  mass f l o w  due t o  the boundary- 
l a y e r  d isp lacement  show up d i r e c t l y  as t h r u s t  
decrements, w h i l e  d e f e c t s  i n  e n t e r i n g  momentum 
a l s o  degrade the performance. However, the  l o s s  
i n  performance assoc ia ted  w i t h  i n g e s t i n g  the f o r e -  
body boundary l a y e r  i s  l e s s  than the  d rag  inc rease  
assoc ia ted  w i t h  d i v e r t i n g  t h i s  f l o w  o r  mount ing 
the engine on a  py lon .  To account  approx imate ly  
f o r  forebody boundary l a y e r s  d i f f e r e n t  from t h e  
"nominal" case c i t e d ,  the  t h r u s t  should be changed 
i n  p r o p o r t i o n  t o  the change i n  mass f l o w  e n t e r i n g  
the i n l e t  (due t o  change i n  boundary - layer -d is -  
placement th i ckness) .  

The forebody-boundary- layer  c h a r a c t e r i s t i c s  
used i n  de te rmin ing  t h e  sc ramje t  performance i n  
F i g u r e  13 a r e  based on f l a t - p l a t e  f l o w  o f  12.2 m 
(40 f t )  l e n g t h  and 667 K (1200°R) s u r f a c e  tempera- 
tu re .  T r a n s i t i o n  was assumed t o  occur  a t  Re 7 l o 3  
(momentum t h i c k n e s s  Reynolds number). It i s  ~ n t e r -  
e s t i n g  t h a t  t h e  i n g e s t e d  boundary- layer  th i ckness ,  
and hence t h r u s t  decrement, can be reduced by c o o l -  
i n g  t h e  forebody. The energy l o s s  t o  t h e  c o l d  w a l l  
can be recovered i n  t h e  r e g e n e r a t i v e  h e a t i n g  pro-  
cess ( h i g h e r  f u e l  T). The nozz le  area r a t i o  
(engine nozz le  e x i t  t o  cowl)  used i n  t h e  c a l c u l a -  
t i o n s  was about  3.6, and t h e  e x t e r n a l  s u r f a c e  o f  
t h e  cowl 1  i p  was i n c l i n e d  3  degrees t o  t h e  forebody 
sur face.  The cowl d rag  f o r c e s  amounted t o  about  
5  percen t  o f  t h e  t h r u s t .  
' 

The i n f l u e n c e  o f  a f t e r b o d y  geometry (nozz le  
expansion)  on t h e  t h r u s t  c o e f f i c i e n t  i s  i l l u s t r a t e d  
i n  F igure  14. Values o f  CT as f u n c t i o n s  o f  n o z z l e  
expansion ang le  ( C )  and l e n g t h  (LN/HC) f o r  Mach 6  
and a  f u e l  equ iva lence  r a t i o  o f  1.0 a re  shown. 
For expansion angles i n  the  range o f  16 t o  24 
degrees, t h r u s t  c o e f f i c i e n t  i s  p r i m a r i l y  s e n s i t i v e  
t o  the  nozz le  l e n g t h  (area r a t i o )  up t o  values o f  
about 4  HC (module cowl h e i g h t ) .  

WEIGHTS DO NOT INCLUDE FUEL OR FUEL TANK 
W = MODULE WIDTH =0.8HC FX I S  NET THRUST IN FLIGHT DIRECTION 

H.. =COWL CAPTURE HEIGHT 
L 

A = IH I x I W I  x NUMBER OF MODULES 
C C 

FOREBODY SURFACE 
INCLINED 7.5' TO 
FREE-STREAM FLOW c- = Fx 

F i g u r e  14. Scramjet  Weight and Nozzle Geometry 

Engine Weight 

D e t a i l e d  es t imates  o f  sc ramje t  engine module 
weights and we igh ts  o f  t h e  assoc ia ted  subsystems 
have been made as d  on b o t h  in-house and con t rac -  
t u a l  s t r u c t u r a l t i l f  and system s t u d i e s ,  i n c l u d i n g  



r e s u l t s  f rom t h e  HRE f l i g h t - w e i g h t  r e g e n e r a t i v e l y -  
c o o l e d  engine program. F i g u r e  14 shows v a r i a t i o n  
o f  module and systems we igh t  as a  f u n c t i o n  o f  t h e  
module cowl h e i g h t ,  Hc. T h i s  case assumes a  s i x -  
module s c r a w j e t  engine o f  4.1 kg/sec ( 9  l b / s e c )  
hydrogen f l o w  (maximum f u e l  f l o w  r a t e  f o r  t h i s  
s t u d y )  which corresponds t o  @ = 1.5 o p e r a t i o n  a t  
q, = 71 .a kPa (1500 l b / f t 2 )  and M_ = 6. 

For i l l u s t r a t i o n ,  t h e  we igh t  breakdown f o r  
t h e  case o f  s i x  45.7 cm (18 i n . )  h i g h  modules 
would be as f o l l o w s :  in -board  engine modules, 
236 kg (520 l b )  each; outboard engine modules, 
259 kg (570 l b )  each, where b o t h  numbers i n c l u d e  
t h e  engine subsystenis ( c o n t r o l s ,  va lves,  p l  uaibing, 
and i n s t r u m e n t a t i o n )  ; o t n e r  subsystems, t o t a l  
279 kg (615 1  b ) .  These we igh ts  average ou t ,  pe r  
module, t o  290 kg (639 l b )  t o t a l  (engine and sub- 
systelns) and 47 k g  (103 l b )  f o r  t h e  o t h e r  sub- 
systems. The we igh t  o f  nydrogen f u e l  and tankage 
would be a d d i t i o n a l .  

Engine C o o l i n g  Requi renients 
D e t a i l e d  computat ions o f  t h e  h e a t - t r a n s f e r  

r a t e s  and r e s u l t i n g  c o o l i n g  requi rements f o r  t h e  
component s e c t i o n s  o f  t h e  sc ramje t  module have 
been made and compared w i t h  t h e  a v a i l a b l e  h e a t  
s i n k  i n  t h e  hydrogen f u e l  ( a l s o  used as a  c o o l a n t ) .  
Tne r e s u l t s  depend s t r o n g l y ,  o f  course, upon t h e  
assumptions o f  a l l o w a b l e  w a l l  and f u e l  tempera- 
tu re ,  t ype  o f  m a t e r i a l ,  c o o l a n t  f l o w  path, e t c  

F i g u r e  15 shows the  h e a t  l o a d  f o r  v a r i o u s  
engine module components as a  percentage o f  t h e  
a v a i l a b l e  hea t  s i n k  i n  t h e  hydrogen f u e l  as i t  
f lows  t o  t h e  combustor a t  an  equ iva lence  r a t i o  
o f  1.0 f o r  f l i g h t  a t  Mach 6  and q, = 23.9 kPa 
(500 l b / f t 2 ) .  For  t h i s  c o n d i t i o n ,  t h e  t o t a l  
c o o l i n g  r e q u i r e d  by the  engine i s  abou t  50 percen t  
o f  t h e  a v a i l a b l e  f u e l  hea t  s i n k . ( l l )  The excess 
c o o l i n g  a v a i l a b l e  c o u l d  be used t o  coo l  p o r t i o n s  
o f  a i r f r a m e  s t r u c t u r e .  

PERCENT OF 20t 
COOLANT 1 

A V A l l A B L E  1 

F i g u r e  15. Engine Heat  Load; M, = 6, 
q, = 23.9 kPa (500 l b l f t 2 ) .  

Based on t h e  concept  o f  t o t a l  e n g i n e - v e h i c l e  
i n t e g r a t i o n ,  t h e  p resen t  sc ramje t  concept  appears 
t o  be capable o f  p r o v i d i n g  e f f i c i e n t  a i r b r e a t h i n g  
p r o p u l s i o n  a t  Mach number o f  5  and h i g h e r .  We 
conclude t h i s  a i r f r a m e - i n t e g r a t e d  sc ramje t  concept  
has t h e  p o t e n t i a l  f o r  h i g h  t h r u s t  and e f f i c i e n c y ,  
low d rag  and weight ,  l o w  c o o l i n g  requ i rement  w i t h  
excess c o o l i n g  a v a i l a b l e  t o  coo l  a i r f r a m e  compo- 
nents, and a p p l i c a t i o n  t o  a  wide range o f  v e h i c l e  
s i zes .  
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